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Abstract
The standard theoretical estimation of the thermal dark matter abundance may be significantly
altered if properties of dark matter particles in the early universe and at the present cosmolog-
ical epoch differ. This may happen if, e.g., a cosmological phase existed in the early universe
during which dark matter particles were temporarily unstable and their abundance was reduced
through their decays. We argue that a large class of microscopic theories which are rejected due to
the dark matter overproduction, may actually be viable theories if certain macroscopic conditions
were satisfied in the early universe. We explicitly demonstrate our mechanism within the minimal
supersymmetric standard model with the bino-like lightest supersymmetric particle being a phe-
nomenologically viable dark matter candidate under the condition that the early universe carried
a global R-charge which induced the instability phase.
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1 Introduction
The relation between the production of dark mater particles as thermal relics within the hot big
bang cosmology and their interactions with the ordinary luminous matter is a theoretically appeal-
ing aspect of the thermal dark matter paradigm. The most prominent example of the thermal dark
matter is the dark matter comprising of stable neutral particles of mass ∼ O(100 GeV) interacting
with the known standard model particles with the strength of weak interactions, the so-called
WIMPs (weakly interacting massive particles). WIMPs, being once in the early universe in chem-
ical equilibrium with the ordinary matter, would populate todays universe in abundance that is
comparable to the observed dark matter abundance. The ongoing direct dark matter detection
experiments, however, have found no evidence for the WIMP dark matter so far and thus impose
strong constraints on the WIMP interaction cross section [1; 2].
Within the standard WIMP paradigm, a small WIMP cross section inevitably results in the
earlier WIMP decoupling from the primordial thermal plasma which leads to its excessive abun-
dance. In fact, many well-motivated theoretical models predict overabundant dark matter. For
example, the bino-like dark matter within the minimal supersymmetric standard model (MSSM)
is overabundant for most of the parameter area, except the case when the bino is nearly degenerate
in mass with the sleptons.
The undesired consequence of the early WIMP decoupling can be avoided if properties of
WIMP in the early universe differ from the properties at the current cosmological epoch. In
Refs. [3] and [4], a new cosmological phase has been postulated, during which WIMPs become
temporarily unstable and its abundance is reduced through its decays. The instability phase in the
previous works was attributed to the microscopic physics with additional fields and interactions,
which make the original dark matter models somewhat contrived. In the current work, we would
like to propose an alternative scenario, which relies entirely on the macroscopic conditions in the
early universe and leaves microscopic physics unaltered.
The key idea behind our mechanism is the following. Imagine the early universe carries a non-
zero global (approximately) conserved charge which is associated with a symmetry that ensures
dark matter stability in the microscopic theory. For charge densities above some critical value, it
becomes energetically more favourable to dump the charge into the vacuum rather than keeping
it in the form of thermal excitations (particles). Such spontaneous rearrangement of the vacuum
induces processes with the global charge non-conservation, such as dark matter decays. If these
processes proceed in equilibrium they will tend to wash-out the global charge and eventually end
the instability phase, during which the dark matter abundance has been reduced down to the
acceptable level. The instability phase then is followed by the standard cosmological evaluation.
The mechanism outlined above can be applied to a wide class of thermal (and non-thermal)
dark matter models. In what follows we explicitly demonstrate this within the MSSM with a bino-
like dark matter, which is stable because it is the lightest R-parity odd particle. In particular, we
will argue that if the early universe carried sufficiently large global R-charge, a phase transition
would occur and both R-parity and R-charge violating processes are turned on in the new phase.
During this phase bino dark matter abundance is reduced through the bino decays, while R-charge
gets also washed out by the same equilibrium R-violating processes. Once the R-charge density
becomes smaller than some critical density, the R-parity is restored and the instability phase ends
and the standard cosmological evaluation with the reduced abundance of binos takes over. The
paper is organised as follows. In the next section we introduce the model and discuss the conditions
for the existence of the instability phase. The analytical estimation of dark matter abundance is
given in section 3 and section 4 is reserved for conclusions.
2 Phase transitions in MSSM with the global R-charge
We consider the sequestered scalar sector of MSSM which contains the lighest Higgs doublet field
φ and a single generation of the left-handed slepton field L˜. The tree-level potential at zero
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temperature reads:
V0 = −m
2
h
2
|φ|2 +m2
L˜
|L˜|2 + m
2
Z
8v2
(
2mh
mZ
|φ|2 + 2|L˜|2
)2
. (1)
Here, mh ≈ 125 GeV is the Higgs boson mass, m2L˜ is the soft supersymmetry breaking sneutrino
mass parameter and the final term comes from the D-term contribution. All other additional
particles of MSSM (except for bino dark matter) are assumed to be heavy and are irrelevant for
our discussion. This low energy theory exhibits a global U(1) symmetry under the transformations:
φ→ eiαφ, L˜→ eiαL˜, EcL → e−iαEcL, (2)
Q→ e−i2α/3Q, U cL → e−iα/3U cL, DcL → e−iα/3DcL, (3)
where U cL, D
c
L and E
c
L denote 3 generations of weak isospin-singlet up, down and charged lepton
charge-conjugate left-chiral fields, respectively, while Q = (u, d)L denote 3 generations of weak
isospin-doublet left-chiral quark fields. In fact, this symmetry is a global R-symmetry of the total
MSSM Lagrangian (except of the soft supersymmetry breaking trilinear scalar terms) with the
R-charge assignment [5] for the chiral superfields1:
Rφi = RL = +1, RQ = 1/3, Ruc = Rdc = 2/3, Rec = 0. (4)
In the cosmological context, our key assumption is that the primordial plasma at early times
carried non-zero global R-charge. It is well-known [6; 7] that for some critical values of the non-zero
global charge the symmetric vacuum state becomes unstable and is spontaneously rearranged into
a new asymmetric vacuum state which carries a non-zero global charge. Utilising the results of
Ref. [8], we calculate a correction to the scalar potential (1) due to the non-zero chemical potential
associated with the global R-charge and finite temperature corrections in the high temperature
approximation:
V = V0 + VT + VnR , (5)
where
VT = αhT
2|φ|2 + αL˜T 2|L˜|2, (6)
αh =
1
8v2
(
4m2W + 2m
2
Z + 4m
2
t +m
2
h +
2
3
mZmh
)
≈ 0.383 , (7)
αL˜ =
1
8v2
(
4m2W + 4m
2
Z +
1
3
mZmh
)
≈ 0.129 , (8)
VnR =
1
2
n2R
M
M = T
2
6
( ∑
i=fermions
R2i + 2
∑
i=bosons
R2i
)
+ 2
(
|φ|2 + |L˜|2
)
=
17T 2
6
+ 2
(
|φ|2 + |L˜|2
)
(9)
where Ri are R-charges for the relativistic fermionic and bosonic states and nR is the R-charge
density. Here we assume that all the supersymmetric particles are non-relativistic and their ther-
mal corrections are neglected. For temperatures above the mass thresholds for supersymmetric
particles, which we collectively denote MSUSY , the temperature dependent terms become larger
due to the positive contribution from additional relativistic species.
1Note that this global R-symmetry holds even when renormalisable R-parity violating terms are included. The
symmetry is explicitly broken by the soft supersymmetry breaking trilinear scalar terms. We assume that this
breaking is small and cosmologically irrelevant.
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At this point, it is convenient to introduce the thermal masses,
m2h(T ) = −m2h + 2αhT 2 , (10)
m2
L˜
(T ) = m2
L˜
+ αL˜T
2 , (11)
and rewrite the finite density and temperature effective potential as:
V =
m2h(T )
4
v2h +
m2
L˜
(T )
2
v2ν˜ +
3n2R
17T 2 + 6v2ν˜ + 6v
2
h
, (12)
where vν˜ and vh expectation value for sneutrino and the Higgs, respectively at finite R-charge and
temperature. We have omitted the terms with vν˜ and vh in powers higher than 2, as we are in
the regime where they are sub-dominant compared to the terms in (12). The effect of the finite
density of R-charge is that above some critical density ncR it becomes more favourable to dump
the excess of R-charge into the ground state through the sneutrino and/or Higgs condensates. In
particular, the minimisation of (12) reveals that for the R-charge densities,
nR & ncR '
17
6
T 2 max
√m2L˜(T ), 12
√m2
L˜
(T ) +
√
m2h(T )
2
 , (13)
the ground state configuration is the one with non-zero sneutrino expectation value,
v2ν˜ '
nR√
m2
L˜
(T )
− 17
6
T 2 ≈ nR
mL˜
− 17
6
T 2, (14)
and zero expectation value for the Higgs field, vh = 0. Here we assumed m
2
L˜
(T ) > m2h(T ), which
is naturally satisfied, and that sneutrino is non-relativistic.
Hence, the following picture emerges. At very high temperatures T > MSUSY supersymmetric
and standard model particles are in chemical and thermal equilibrium and carry collectively a net
R-charge density. As temperature cools below MSUSY the sneutrino expectation value turns on
and the instability phase starts during which depletion of the bino dark matter occurs. Because
nR is dominated by the relativistic species (right-handed charged leptons, quarks and the Higgs)
it is diluted faster (as ∝ T 3) due to the cosmological expansion than the density on the right hand
side of the inequality (13), which decreases as ∝ mL˜T 2. Therefore, at temperature
Tf ' 255
(2pi)2g∗
mL˜
Y 0R
, (15)
the inequality (13) fails and sneutrino expectation value becomes zero, ending the instability
phase. In (15), we introduced the R-charge yield, YR =
nR
s , where s is the entropy density. Since
no substantial production of entropy is assumed and the depletion of the R-charge during the
instability phase is inefficient (see the discussion below), YR is essentially constant and equal to
the initial yield Y 0R, which is one of the key input parameters in our model. With this ingredient
we can now proceed to estimate the bino dark matter relic density.
3 Depopulation of the bino dark matter
Standard case: In the absence of coannihilation processes, the dominant bino dark matter anni-
hilation channels are via t-channel slepton exchange. In this context, this is mainly mediated by
the light left-handed slepton doublet L˜ due to the assumed mass difference with the right-handed
slepton. In any case the bino annihilation cross section is too small to keep bino dark matter
sufficiently long in equilibrium and thus the naive prediction for the bino dark matter abundance
is much larger compared to the measured value, ΩPlanckh
2 = 0.12± 0.001 [9].
3
With decays: During the instability phase x ∈ [mχ/MSUSY , xf = mχ/Tf ] the neutralino ceases
to be a stable particle. More specially, condensation of the sneutrino field leads to a spontaneous
breaking of R-parity and to a mixing of neutralinos and neutrinos. Through this mixing the
neutralino LSP decays into standard model particles, the dominant channels being 2-body decays
χ → Zν ′,W±`∓, where mχ > mZ(mW ) + mν(m`). The mass matrix for bino-neutrino mixing is
given by:
Mˆχν =
(
0 g′ vν˜(T )√
2
g′ vν˜(T )√
2
M1
)
(16)
and thus sinβ =
g′vν˜(T )√
2mχ
where we neglected the neutrino mass and the sneutrino thermal VEV
is defined in Eq. (14), which we further approximate for nR  mL˜T 2. The bino mass eigenstate
then is,
χ ' B˜ cosβ − ν sinβ
sinβ ' g
′n1/2R
mχ
∣∣mL˜∣∣1/2 (17)
with the mass mχ ≈ M1 (bino-like neutralino). With these ingredients we compute the decay
width as:
Γχ =
3g′2mχ
32pi
. (18)
In the given approximation, the decay width is independent of temperature and as well does not
explicitly depends on the R-charge density nR. One must keep in mind, however, that as nR → 0,
the sneutrino VEV tends to zero as well and the instability phase cease to exist.
To calculate the dark matter yield we follow the same discussion in Ref. [4]. We assume that
during the instability phase up until x = xf (Γχ(xf )x
2
f > Hχ), the neutralino decay rate dominates
over the expansion rate and thus neutralino yield is close to its equilibrium abundance. This is
satisfied for typical values and does not pose any constraint for TeV-scale neutralino dark matter.
The dark matter yield today then is computed as:
Yχ,0 ≈ Y
(eq)
χ (xf )xf
Y
(eq)
χ (xf )sχ〈σv〉/Hχ + xf
≈ Y (eq)χ (xf ) , (19)
where Y
(eq)
χ (x) =
45
2pi4
(
pi
8
)1/2 gχ
g∗ x
3/2e−x is the equilibrium number density of the non-relativistic
bino dark matter, and sχ =
(
2pi2/45
)
g∗m3χ andHχ =
(
pi2g∗/90
) m2χ
MP
denote the entropy density and
Hubble rate at x = 1. The thermally-averaged annihilation cross section 〈σv〉 can be approximated
by [10]
〈σv〉 ≈ g
4 tan4 θW r
(
1 + r2
)
16pim2
L˜
x (1 + r)4
, r ≡ m
2
χ
m2
L˜
. (20)
The second approximate equality in Eq. (19) follows, because the first term in the denominator can
generally be neglected for bino dark matter in the absence of coannihilation due to the Boltzmann
suppression of χ. Hence the dark matter yield today is essentially given by the yield at the end of
the instability phase, x = xf .
Finally, we can recast (19) into the present-day abundance of neutralinos as:
Ωχ =
mχYχ,0s0
3H20M
2
P
, (21)
where s0 = 2891.2 cm
−3, is today’s entropy density and H0 = 100h km s−1Mpc−1 (h = 0.673)
today’s Hubble rate. This leads to
Ωχh
2 = 0.12
( mχ
3.0TeV
)(Y 0Rmχ
1.8mL˜
)3/2
exp
(
−424pi
2
255
Y 0Rmχ
1.8mL˜
)
. (22)
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Figure 1: Contour plot of the DM abundance Ωh2 as a function of the DM mass mχ in TeV and the
initial R-charge normalized by the mass ratio of the DM mass to the sneutrino mass, Y 0Rmχ/mL˜.
The label on each curve denotes the value of Ωh2.
Note, the final dark matter abundance in (22) is essentially defined by the initial R-charge density,
Y 0R. It also does not depend explicitly on the decay rate Γχ.
The neutralino depopulation through its decays may explain the observed dark matter density
as demonstrated in Fig. 1. The final abundance is essentially defined by a few parameters. One
is a macroscopic parameter Y 0R, the initial value of R-charge yield. Two others are microscopic
parameters of the theory: the dark matter mass mχ and dark matter mass-to-sneutrino mass
ratio, mχ/mL˜. The later mass parameter, mL˜, defines the scale of the spontaneous R-charge
breaking, which triggers the instability phase. One can see from Fig. 1 that a right amount of the
initial R-charge asymmetry, Y 0R, predicts correct abundance of dark matter (middle curve) for a
large range of masses, while smaller (large) values of Y 0R result in over(under)-abundance of dark
matter. Hence, the dark matter abundance in our scenario crucially depends on the macroscopic
parameter of R-charge yield.
4 Conclusions
The thermal dark matter abundance besides its microphysical properties, critically depends on
the details of cosmological evolution. The latter can be altered through macroscopic conditions
in the early universe such that dark matter properties in the early universe and at present may
substantially differ. In this paper, we have explored this scenario to argue that a large class
of models which predict incorrect dark matter may actually be phenomenologically viable under
non-standard macroscopic conditions in the early universe.
The particular example illustrating the above point is the bino-like dark matter within the
supersymmetric extension of the Standard Model, which is known to be overabundant for the most
of the range of parameters. We have demonstrated that in the presence of large enough global
R-charge asymmetry in the early universe, the phase transition occurs where both R-charge and R-
parity are spontaneously broken followed by restoration of those symmetries at lower temperatures.
This defines a phase in the cosmological evolution of bino dark matter during which it is unstable.
The abundance of bino dark matter is then reduced due to its decays during the instability phase.
As a result, the presently observed dark abundance can be attained in the model which would
be considered phenomenologically unacceptable within the standard cosmological framework. The
resulting dark matter abundance in our scenario crucially depends on the macroscopic R-charge
5
density in the early universe.
As a final comment, we note that relevance of our mechanism for dark matter depopulation
goes beyond the particular supersymmetric dark matter model discussed, and can be applied to a
wide range of dark matter models including those with non-thermal dark matter production.
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